Background: Refractory femoral neck fractures cannot be anatomically reduced by closed traction reduction which may affect fracture healing. We evaluated the biomechanical effects of positive, negative, and anatomic reduction of various degrees of displacement in Pauwels I femoral neck fractures by a finite element analysis. Methods: Five reduction models of Pauwels type I femoral neck fracture were established using the Mimics 17.0 (Materialize, Leuven, Belgia) and Hypermesh 12.0 (Altair Engineering, Troy, MI, USA). According to the degree of fracture displacement, there were three models of positive support, an anatomic reduction model, and a negative 2 mm reduction model. Finite element analysis was conducted using the ABAQUS 6.9 software (Simulia, Suresnes, France). The von Mises stress distribution and the stress peak of internal fixation in different models, the displacement between fracture blocks, and the principal strain of the femoral neck cancellous bone model were recorded under the axial stress of 2100 N. Results: The peak von Mises stress on screw of each model was located at the thread of the screw tip. The peak von Mises stress was the lowest at the tip of the anatomic reduction model screw (261.2 MPa). In the positive 4 mm model, the von Mises stress peak was the highest (916.1 MPa). The anatomic reduction model showed the minimum displacement (0.388 mm) between fracture blocks. The maximum displacement was noted in the positive 4 mm model (0.838 mm). The displacement in the positive 3 mm model (0.721 mm) was smaller than that in the negative 2 mm model (0.786 mm). Among the five models, the strain area of the femoral neck cancellous bone was mainly concentrated around the screw hole, and the area around the screw hole could be easily cut. Conclusions: Compared with negative buttress for femoral neck fracture, positive buttress can provide better biomechanical stability. In Pauwel type I fracture of femoral neck, the range of positive buttress should be controlled below 3 mm as far as possible.
Introduction
A femoral neck fracture is a common injury, which accounts for about 50% of hip fractures. [1] The two major complications of femoral neck fracture are fracture nonunion and avascular necrosis of the femoral head due to blood supply interruption. The diagnosis and treatment of femoral neck fracture still pose a challenge for orthopedic surgeons. [2] [3] [4] The treatment methods vary according to the age of patients and the type of fracture. Age has traditionally been considered an important factor for treatment selection. Joint replacement is the main treatment strategy for displaced femoral neck fractures in the elderly. [5] For femoral neck fracture in patients aged 65 years or younger, a closed reduction and internal fixation with femoral head preservation are considered the preferred treatment. In this case, the most common internal fixation method is the use of three parallel sliding hollow compression screws, which achieves good outcomes. [6] Traditionally, the anatomic reduction is considered the key element to promote healing of the femoral neck fracture and to avoid complications. [7] To obtain the anatomic reduction, many scholars have described different reduction methods, such as the Leadbetter reduction method and the Flynn reduction method. [8, 9] However, some refractory femoral neck fractures cannot be anatomically reduced by closed traction reduction, and repeated traction reduction may cause damage to the remaining blood supply, thus affecting fracture healing and the blood supply to the femoral head. In 2013, Gotfried et al [10] proposed the concept of positive buttress of a femoral neck fracture, which can also achieve good clinical efficacy. Positive buttress refers to the distal inferior margin of the femoral neck fracture located medial to the proximal inferior margin of the fracture. Negative buttress is opposite to the displacement direction. Many scholars have accepted this concept, and it offers a new option for the treatment of refractory femoral neck fractures. [11] It was reported that the bone-screw interface would generate stress as the femoral neck fracture end was absorbed through Gotfried reduction. [12] The cortical contact interface provided by positive buttress can disperse part of the stress. Thus, the risk of internal fixation failure is reduced. However, Gotfried et al [10] could not conduct a detailed and quantitative study of this technique due to the small number of cases reported. If the distal inner edge of the fracture is lower than the proximal lower edge, it will increase the instability of the fracture. However, the extent to which the distal inner margin of a fracture located lower than the proximal lower margin benefits the patients has not been reported in previous studies. Therefore, to avoid overuse of the concept of positive support in clinical work, this study quantified the positive buttress technology for femoral neck fracture using the finite element method. The biomechanical stability of positive buttress (2, 3, and 4 mm), negative buttress (2 mm), and anatomic reduction of different degrees of displacement were compared. This study aimed to standardize the positive buttress technique from a biomechanics perspective and to guide the clinical application with this technique.
Methods

Ethical approval
This study was reviewed and approved by the Ethics Committee at the First Affiliated Hospital of Soochow University (No. 2019lsp158). Written informed consent was obtained from the healthy volunteer. A healthy femur of a male (28-year-old) with non-pathologic and normal low limb alignment bones was taken computed tomography (CT) scan at the First Affiliated Hospital of Soochow University. A 64 spiral CT scan (Philips, Eindhoven, Holland) was performed along the long shaft of the femur. The scanning range was from the pelvis to the talus, and we used CT images with a thickness of 0.64 mm. The physical distance of the lattice was 0.799 mm. Specimen was scanned using 64 spiral CT with the main scan parameters as follows: tube voltage 120 kV, tube current 200 mA. Images were exported and saved as Digital Imaging and Communications in Medicine (DICOM) format. Then the osteotomy plane was made above 10 cm from the femoral condyle as the distal osteotomy plane in the Mimics 17.0 (Materialize, Leuven, Belgia) and Hypermesh 12.0 software (Altair Engineering, Troy, MI, USA). Thus, the geometric model of the femur was established and five kinds of Pauwels type I femoral neck fracture reduction model (Pauwels angle of 30°) were rebuilt [ Figure 1 ]. According to the degree of fracture displacement, there were three models (2, 3, and 4 mm) of positive support, an anatomic reduction model, and a negative reduction model. The 3-dimension (3D) models of cannulated compression screw (CCS) (diameter: 7.3 mm; thread length: 16 mm) were reconstructed using the software of Unigraphics NX 8.5 (Siemens PLM Software, Berlin, Germany). We completed the assembly of screws and bones in the Mimics17.0 software, and we simulated five reduction and fixation models of femoral neck fracture [ Figure 2 ]. The screws were arranged in parallel inverted triangles, in which the lowest screw was not below the level of the small trochanter in each model. Screws in each group Chinese Medical Journal 2019;132 (21) www.cmj.org were placed close to the endosteal cortex. The software HyperMesh12.0 (Altair Engineering) was used for grid partitioning on all the models.
The assembled 3D model was imported using ABAQUS software (Simulia, Suresnes, France) to generate the finite element model. The screws were made of titanium alloy. The elastic modulus, Poisson ratio of titanium alloy and bone were performed as previously described. [13] Tetrahedral 10-nodes elements (C3D10) was used to simulate cortical bone, cancellous bone, and hollow screw of the femur. The effect of gravity was considered negligible in the model. [14] Frictional contact interactions between different parts of the model were assumed to exist. The internal cancellous bone and the cannulated screw thread of the femoral head were modeled using the common joint method. A friction coefficient of 0.3 was used to simulate the interface between the body and bone of the common hollow compression screw. [15] The friction coefficient of the interaction between the fracture end fragments was set at 0.46. [16] During the analysis, all nodes on the distal surface of the femur were constrained by 0 degrees of freedom to prevent rigid body movement. A load of 2100 N equivalent to three times the body weight was applied in the finite element model to introduce a force into the center of the femoral head. The force vector pointed laterally at an angle of 13°with the axis of the femoral shaft on the coronal plane and posteriorly at an angle of 8°with the shaft axis in the sagittal plane. [17] A major strain of 0.9% was taken as the yield strain value above which the bone was susceptible to yielding in accordance with previously published data. [18] Three parameters were used to capture the mechanical factors affecting the fixation stability and fracture healing of the five types of reduction and internal fixation, including the von Mises stress distribution and stress peak of the internal fixator, the displacement distribution of fracture fragments, and the principal strain of the femoral neck cancellous bone model. The distribution and maximum displacement of fracture fragments are the most critical factors to determine the stability of fracture reduction and fixation.
Results
Parameters of models are summarized in Table 1 .
Stress distribution and the peak value of internal fixation screws
Stress distribution in the five reduction and fixation models shown in Figure 3 . It was found that the peak von Mises stress of screw on each model was located on the thread surface of the screw tip, and the maximum stress was sustained by two screws close to the femoral calcar. The peak value of screw stress was 916.1 MPa in the positive 4 mm model. The lowest stress peak value was 261.2 MPa, which was found in the anatomic reduction model. The stress peak value in the positive 2 mm model screw was 358.2 MPa, which was close to that in the anatomic reduction model. The stress peak value in the negative 2 mm model (705. 
Displacement between fracture fragments
Differences in fracture block displacement were observed among the five reduction models. Inter-fragmentary motions were calculated as the displacements between the two nodes on the proximal end of the fracture gap on the coronal view. The anatomic reduction model showed the smallest displacement of a fractured block, and it was 0.388 mm. The displacement value in the positive 2 mm model was 0.547 mm, which was close to the values found in the anatomic reduction model. The maximum displacement in the negative 2 mm model (0.786 mm) was between the values of the positive 3 mm model (0.721 mm) and the 4 mm model (0.838 mm) [ Figure 4 ].
Main strain of the femoral neck cancellous bone model Figure 5 shows the primary strain diagram of the proximal cancellous bone across the femoral neck. In the five models, the strain areas of the femoral neck cancellous bone were mainly concentrated around the nail holes. The area around the nail hole was the easiest to cut.
Discussion
In this study, we conducted a finite element analysis to investigate whether there were mechanical differences in the treatment of Pauwels I femoral neck fractures with different levels of displaced positive buttress, negative buttress, and anatomic reduction. This study showed that the anatomic reduction model had the minimum internal fixation stress and the minimum fracture fragment displacement. The internal fixation stress and fracture block displacement in the positive buttress 2 mm model were close to those in the anatomic reduction model. The internal fixation stress and fracture block displacement in the negative buttress model were between those values of the 3 and 4 mm models.
In this study, Pauwels I femoral neck fracture was adopted as the fracture model because the shear angle of the Pauwels I femoral neck fracture line was small. After positive buttress, it is easier to perform the abduction and insertion of the fractured end so that the fractured end tends to be stable, which is consistent with the concept of the Gotfried reduction method. Concerning the selection of the internal fixation model, the more stable fixation method is the inverted triangle parallel hollow compression screw fixation, which has been confirmed in many studies. [19] Previous studies on finite element analysis of femoral neck fractures were limited to the selection of internal fixators and configurations. [20] The concept of the Gotfried reduction technique is to stabilize unstable sub-cephalic fractures. [21] The primary mechanism is that positive buttress can provide better biomechanical stability. [22] If excessive pressure is generated on the bone-screw interface due to sliding tension of the cannulated nail, the femoral head may be displaced (with the possibility of "cutting out"). The medial femoral cervical cortex is markedly thick, and positive buttress reduces the screw stress when incisions occur, possibly due to the provision of cortical-cortical contact. Under axial load, compared with the stress in the negative buttress model, the stress in the positive buttress 2 and 3 mm model screws were smaller. This is because positive buttress can dissipate some of the screw stress. The stress in the positive buttress 4 mm model screw was higher than that in the negative buttress model. This may be due to the inability of the positive buttress to provide cortical to cortical contact after displacement. Under the action of the axial load, the fracture clearance displacement in the anatomic reduction model is the smallest. The fracture clearance displacement in the positive buttress 2 and 3 mm models was smaller than the displacement in the negative buttress 2 mm model. The fracture clearance displacement in the 4 mm model with positive buttress was the largest. Therefore, the stability of the positive buttress model was the closest to the stability provided by the anatomic reduction model. The stability of the 2 mm model of negative buttress was between the ones of the 3 and 4 mm models of positive buttress. All the main strain areas of the femoral neck cancellous bone model were concentrated around the three nail holes. Excessive stress may result in deformation of the cancellous bone around the cannulated nail. This causes cutting of the screws. The results of this study also confirmed the mechanism of Gotfried reduction and provided a quantitative analysis of the positive buttress technology to a certain extent, which has a positive guiding significance for clinical research.
According to the results of this study, positive buttress was graded and set as positive reduction level I (shift 0-2 mm). Positive 3 mm buttress was more stable than negative 2 mm buttress, and it was set as positive reduction level II (displacement 2-3 mm). Positive 4 mm support reset had poor stability, and it was set as positive reset level III (displacement 3-4 mm). The reset above 4 mm was set as positive reset level IV (shift >4 mm). Therefore, when anatomic reduction cannot be achieved during surgical reduction, positive reduction level I can also provide relatively stable biomechanical effects. Positive reset level II is a relatively acceptable range. Positive reset level III is not recommended. Positive reset level IV should be avoided as much as possible.
Our study has some limitations. First, our finite element analysis is only based on a healthy object, which is similar to the other finite element analyses. [23] To confirm our findings, a multi-centric retrospective study in many patients with femoral neck fractures who underwent positive buttress techniques is required. The biomechanical stability of femoral neck fracture healing is only one of the important factors. Other factors including age, fracture type, and reduction style can affect fracture healing. Second, there is no experimental verification. However, we aim to study trends, not absolute values. In this regard, the lack of experimental verification is reasonable. The previous experimental verification numerical study used the same loading and boundary conditions as our study. [24] In the later stage, more realistic biomechanical experiments and clinical trials are needed to overcome the limitations of this study. Finally, this paper studied the CT image simulation reconstruction model based on the finite element analysis method. However, the actual procedure is much more complicated than the experiment. This study only simulated proximal femoral cortical and cancellous bones, and it did not simulate the femoral calcar. Therefore, the quantitative grading of positive support for femoral neck fracture set in this study can only serve as a clinical reference, and the finite element experiment of Pauwels II and III femoral neck fracture positive buttress should be completed in the future.
In conclusion, although the quantitative grading of femoral neck fracture positive buttress from the perspective of biomechanical stability has certain limitations, it still has guiding significance for clinical practice. In the clinical closed reduction of a femoral neck fracture, anatomical reduction or grade I reduction should be attempted where possible.
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